In the present study, fuller's earth (FE) was modified with sodium dodecyl sulfate for removal of Acid Red 17 (AR 17) dye from aqueous solutions. The surfactant-modified FE and FE were characterized by a Fourier transform infrared spectrometer, thermogravimetric analyzer and scanning electron microscope. Batch adsorption experiments were carried out as a function of contact time, pH, initial concentration of AR 17 and adsorbent dosage. About 99.1% adsorption efficiency was achieved within 60 min at adsorbent dose of 0.1 g for initial dye concentration of 1,000 mg L À1 at pH 10. The adsorption data were well fitted with the Dubinin-Radushkevich isotherm model implying physisorption as the major phenomenon for adsorption. The kinetic data were analyzed using four kinetic equations: pseudo-first-order, pseudo-second-order, intraparticle diffusion and Elovich equations. The rates of adsorption confirmed the pseudo-second-order kinetics with good correlation value (R 2 ¼ 0.999). The results indicate that the modified adsorbent can effectively be used for the removal of AR 17 from wastewater with high absorption capacity of 2164.61 mg g À1 .
INTRODUCTION
Dyes are complex chemical compounds that can fix themselves to surfaces and impart colors to them. Synthetic dyes are widely used in various fields of technology. Azo dyes are considered to be one of the significant pollutants in wastewater (Shirzad-Siboni et al. ) . These are mostly used with certain fiber such as wool, silk, modified acrylic, polyamide, polypropylene fibers and so on (Uzunoglu & Özer ) . Acid Red 17 also known as Bordeaux R, is an anionic azo dye used in the textile industry and food industries like cereals, candies, dairy products, jellies, ice creams and powdered juices.
The dyes, when run off into the water bodies, will influence transparency, aesthetics and solubility of CO 2 in water. Having a stable chemical structure, dyes are not usually degraded or removed by conventional physical and chemical processes (Morais et al. ; Robinson et al. ; Ahmad et al. ) . In order to investigate the adverse health effects caused by synthetic dyes, mostly those of the azo group and food additives on cellular level, further studies on various system-tests such as plants, mammals, insects, and in vitro cell culture should be piloted because the existing reports are insufficient and quite contradictory (Rutkunas et al. ) . Due to the present undesirable concerns regarding the dyes, specific methods and technologies have to be focused on to remove them from different kinds of wastewater (Yagub et al. ) .
A large number of methods and processes for removal of dyes have been reported so far. These include filtration, adsorption, ozonation, oxidation, chemical precipitation, ion exchange, coagulation/flocculation, Fenton's oxidation, electrodeposition and biological treatment (Öztürk & Malkoc ; Salem et al. ) . The essential non-biodegradable nature of most of the dyes makes the biological methods ineffective (Ramakrishna & Viraraghavan ) , while the chemical methods are only partially effective due to the chemical inertness of most of the dyes. Similarly, more intensive energy is needed for electrodeposition methods, ion-exchange methods are expensive and membrane-based methods have problems of membrane scaling, fouling and blocking (Usman et al. ; Kulkarni & Jatkar ; Konicki et al. ; Luo et al. ) .
Adsorption is the key process most effectively employed for removal of dyes in advanced wastewater treatment. It has been found to be superior to other techniques for water re-use in terms of initial cost, flexibility and regeneration of the adsorbent (Fat'hi et al. ; Khan ) . A large number of cost-effective and easily available natural, agricultural or biological materials have been employed under different physicochemical process parameters for efficient removal of dyes. These include activated carbon, banana stalk, ground nut hull, cocoa pod husks, mango peels, rice husks, periwinkle shell, coconut shell, Imperata cylindrica leaf, rubber seed coat, fly ash, coconut shell, Jerusalem artichoke, maize stem tissue (Mulligan et al. ) , chitosan, orange peel, palm fruit bunch, shale oil ash, a volcanic siliceous rock and agro-industrial wastes (Konicki et al. ) .
The basic texture of clays is lamellar, which offers a high specific surface areas and thus clays have high adsorption capacity. They adsorb ions and polar organic molecules in interlayer locations and on the particle surface. Adsorption and desorption of organic molecules in the clays are controlled by the surface activity of the clay and chemical structure of the molecules (Mulligan et al. ) .
Fuller's earth (FE), also known as bentonite clay, is a sedimentary clay that contains high proportion of clay minerals of the smectite group (Usman et al. ) . A variety of treatment techniques have been reported for surface modification of clay. These include acid treatment, alkali treatment and organic treatment (Al-Asheh et al. ; Li et al. ). The modifications with organic compounds include treatment with cationic surfactants such as hexadecyltrimethylammonium chloride (HDTMA) and cetylmethylammonium bromide (CTAB) (Zenasni et al. ; Anirudhan & Ramachandran ) . Clay modified with cationic surfactant has been reported for the removal and adsorption of acidic and basic dyes but limited data are available for the adsorption of dyes using clay modified with anionic surfactant such as sodium dodecyl sulfate (SDS) (Bouraada et al. ) .
After treatment of clay with surfactant, a monolayer of surfactant (i.e. hemimicelles) is formed with the headgroup of surfactant facing towards the oxide surface of clay and its hydrocarbon tail-groups protrude into solution, interacting laterally between them. After that, adsorption of surfactant occurs through hydrophobic interactions between hydrocarbon tail-groups, which results in the formation of discrete surface aggregates called admicelles. Because of the amphiphilic character of surfactants, admicelles get aggregated, in which there are regions of different polarity, acidity, etc. This feature makes these aggregates extremely versatile extractants because of the number of interactions they can establish with analytes.
The main objective of the present investigation was to study the adsorption characteristics for Acid Red 17 (AR 17) anionic dye onto SDS-modified FE. The FE and surfactantmodified FE (SMFE) were characterized by scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and Fourier transform infrared (FTIR) spectroscopy. Batch adsorption experiments were carried out as a function of pH, contact time, adsorbent dosage and initial concentration of AR 17. Various kinetics, isotherms and mass transfer mechanisms were studied for the adsorption of AR 17 from aqueous solutions.
MATERIALS AND METHODS
FE (98%, BDH, UK) having an average particle diameter of 128 μm was purchased through a local vendor and was used as delivered. Both AR 17 and SDS (!98.0%, Merck KGaA 64.271, Darmstadt, Germany) were purchased and used without further purification. Characteristics of AR 17 are given in Table 1 and chemical structures of AR 17 and SDS are shown in Figure 1 . All other reagents, including acids and salts for buffering, used in this work were of AR grade. Double distilled water was used in all experiments. SEM (30KV SEM, JEOL-JSM 5910 LV, JEOL Ltd, Tokyo, Japan) under high-vacuum microprobe was used for morphological investigation and the FTIR spectra of FE and SMFE were obtained with an FTIR spectrophotometer (IRPrestige-21, Shimadzu, Japan). Spectrophotometric investigations of the concentration of the dye samples were carried out using a UV/VIS spectrophotometer (SP-300 Plus, Optima Inc., Tokyo, Japan). For PH measurements, a pH meter (Model 7020, Kent Industrial Measurement Electronic Instruments Ltd, Chertsey, Surrey, UK) was used. Stability of the SMFE and FE was measured with TGA, Diamond TGA/DTA (Perkin Elmer Instrument, CA, USA).
Stock solution (1,000 μg mL À1 ) of AR 17 was prepared by dissolving 0.1 g in 100 mL distilled water. From stock solution a 100 μg mL À1 solution was prepared by dilution with distilled water. In order to investigate the effect of pH on the adsorption phenomenon, a Britton-Robinson (BR) buffer was prepared by mixing 11.42 mL of CH 3 COOH, 13.6 mL of H 3 PO 4 and 12.3 g of H 3 BO 3 , in a 500 mL flask and diluting up to the mark with distilled water. Buffers of different pH in the range of 2-10 were prepared by adding NaOH (0.1 M) solution in different proportions and pH was adjusted using a pH meter.
Modification and characterization of FE
FE is used as an adsorbent. To make the surface more active for adsorption, FE was modified with SDS. In a 250 mL beaker 50 g of FE and 2% solution of SDS were mixed well and shaken for 30 minutes, then equilibrated overnight, filtered, and dried completely in an oven below 80 W C. The bigger particles were separated and crushed with a pestle and mortar, passed through a sieve to obtain uniform particle size of 45 μm and stored in a bottle for further use. FTIR spectra were measured using the FTIR Prestige-21 spectrophotometer in the scanning range of 4,000 to 400 cm À1 . The morphology of the SMFE before and after adsorption was observed by SEM.
Adsorption experiments
Adsorption experiments were carried out in a batch mode using SMFE, aqueous solution of AR 17, and BR buffer (pH, 2-10). In order to investigate the effect of pH on the adsorption process, the adsorbent SMFE (0.1 g) was weighed in a series of beakers. AR 17 solution (1.0 mL of 1,000 μg mL À1 ), was added to each beaker followed by addition of 2.0 mL BR buffer in the range of 2-10 pH, respectively, and diluted up to 25 mL with distilled water. All solutions were equilibrated for 60 min, then filtered and the absorbance of each filtrate was measured at 510 nm, the wavelength of maximum absorbance (λ max ). The concentration of unadsorbed dye was determined from an already constructed calibration curve. The amount of the dye adsorbed (%) was calculated by using the formula given in Equation (1).
where C i ¼ initial dye concentration (μg mL À1 added) and C e ¼ concentration of dye at equilibrium (μg mL À1 unadsorbed). The effect of adsorbent dose was studied by carrying out the adsorption experiment at room temperature with mass of SMFE in the range of 0.05-0.3 g, 1.0 mL of AR 17 (1,000 μg mL À1 ), 2.0 mL of BR buffer of pH 10, equilibration time 60 min and dilution with distilled water up to 25 mL.
The effect of adsorption time (contact time) on removal of AR 17 was studied by carrying out the experiment, with all the conditions and concentrations the same except the contact time, which was varied in the range of 30-90 min. The effect of the initial dye concentration on dye removal was studied by shaking various concentrations of AR 17 solution ranging from 500 to 20,000 μg with SMFE for 60 min, keeping all the remaining variables constant.
Under the optimized conditions a comparative study of the adsorption efficiency of raw FE and the SMFE was conducted. It was observed that modification of FE increases the adsorption by about 47%.
Kinetic experiments were carried out by batch adsorption method, at room temperature (average 30 W C) on a shaker using 250 mL capped Pyrex glass bottles containing 1.0 mL of 1,000 μg mL À1 of AR 17 solution and 0.1 g of the adsorbent, with solutions buffered at different pH, without shaking and with shaking, and time ranging from 30 to 90 min. Different kinetic models were applied to the kinetic data obtained at pH 4, 7 and 10, and variable contact time for equilibration. The adsorption isotherms of AR 17 on the SMFE were determined in the concentration range of 500-20,000 μg mL À1 , with all other parameters (pH, mass of SMFE, and equilibration time) kept at optimized conditions. The amount of dye adsorbed per unit mass of adsorbent was calculated using Equation (2): where, q e (mg g À1 ) is the amount of dye adsorbed per unit mass of adsorbent at equilibrium, C i and C e are the initial and equilibrium dye concentrations (μg mL À1 ), V is the volume of the solution (L) and m is the mass of adsorbent (g).
RESULTS AND DISCUSSION
The FTIR spectra were used for investigation of FE modification with SDS ( Figure 2 ). Compared to the spectrum of raw FE (a), the spectrum of SMFE (b) exhibited additional peaks at 2,850 cm À1 and 2,940 cm À1 that could be due to the symmetric and asymmetric stretching vibration mode of methyl and methylene groups. Figure 3 shows the morphologies of (a) raw FE, (b) SMFE before adsorption and (c) SMFE after adsorption of the dye at the same magnification power (30,000×). From the SEM micrographs, it is evident that FE shows rough surface with non-uniform particles, while the morphology of SMFE before adsorption shows that the layers are separated, forming small tactoids of larger spacing. So, the SMFE adsorbent possesses a higher surface area and a more porous nature than has FE. Also the SMFE surface seems a typically wrinkled network with irregular pores, which after adsorption of the dye becomes slightly flat and pores are not visible. This reveals that a thin layer of the dye has covered the whole external surface of the beads. Similarly, after adsorption the surface texture becomes coarse and uneven because of the penetration of AR 17 molecules into the porous packets of the SMFE. The thermogravimetric (TG) curve of FE ( Figure 4 ) suggested a loss of mass over the temperature range of 65 W C-200 W C, which was attributed to the loss of adsorbed water, and an additional loss over the temperature range of 500 W C-900 W C due to both the elimination of coordinated water that became more strongly bonded to octahedral cations and the dehydroxylation of silanol groups. The TG curve of SMFE exhibited three stages of thermal decomposition. The first stage was due to adsorbed water and occurred over a temperature interval of 67 W C-200 W C. The second stage was related to the coordinated water and the partial loss of organic moieties that were intercalated in the interlayer spacing over a temperature interval of 300 W C-500 W C. The third loss over a temperature range of 500 W C-900 W C was due to the elimination of the organic groups and the dehydroxylation of the silanol groups on the clay surface. The data exhibited significant changes in the thermal degradation. The typical hydrophilic character of FE was modified after reaction with the surfactant, which is evident by the drastic difference between the percentages of the first mass loss. An additional change was the increase in the total mass loss, whose values were 10.0% and 11.0% for FE and SMFE, respectively. The effect of the mass of adsorbent on adsorption of AR 17 (1,000 μg) was also investigated. As shown in Figure 5 , the adsorption capacity of SMFE increases with increasing its mass from 0.0125 g to 0.05 g. The observation can be attributed to the fact that the amount of surfactant which intercalated into the surface galleries and interlamellar packets increases with an increase of SMFE, resulting in an increase in the absorption of the dye. However, beyond this limit the adsorption capacity remains almost constant because when the amount of SMFE exceeds 0.05 g, the solution becomes short of adsorbate though the number of active sites increases. Thus, under the present experimental conditions, 0.05 g of SMFE possesses maximum adsorption capacity for 1,000 μg of AR 17.
The effect of concentration of AR 17 on removal efficiency was also studied at a variable concentration ranging from 500 to 10,000 μg per 0.1 g of the adsorbent. As shown in Figure 6 , the percent adsorption increases up to 1,000 μg, beyond which it slightly decreases. This can be explained based on the fact that more molecules were in solution competing for the available binding sites of the adsorbent at higher concentrations. Thus maximum adsorption capacity of 0.1 g of SMFE is 1,000 μg.
It is a well-known fact that the process of adsorption is influenced by the pH of the medium. The pH of the solution influences not only the functional groups on the active sites of the adsorbent, but also the surface charge of the adsorbent and the degree of ionization and speciation of the adsorbate. The molecules of AR 17, being an anionic dye, will be present in neutral or positively charged form at lower pH and with increase in pH they will get converted into negatively charged form. Figure 7 shows the effect of pH of the solution on the adsorption of AR 17 under equilibrium conditions in the range of pH (2.0-10.0), where percent adsorption of AR 17 is plotted against pH. It is evident that pH values affect the adsorption significantly. Initially, at pH 1.0, the adsorption seems lower because of the electrostatic repulsion between the adsorbent surface, being positively charged at the higher concentration level of H 3 O þ ions, and the dye molecules. The adsorption suddenly increases as the pH is raised to pH 4.0 because at this point a balance between the charges is achieved. Beyond this point up to pH 8.0, the adsorption follows a linear horizontal pattern. The increased adsorption of the dye on SMFE is attributed to the presence of alkyl chains in the interlamellar spaces. There are two modes of adsorption; one is the sulfonic group of dye with the positively charged clay surface and the second is hydrophobic binding, which is much stronger than the first one. This organic anion changes the surface of the clay from hydrophilic to hydrophobic by replacing the site of clay with the alkyl hydrocarbons, resulting in increasing adsorption capacity for organic molecules. The organic modification of FE produced high hydrophobicity due to the linear arrangement arising from the assemblage of SDS anions. Under such circumstances, the hydrophobic/hydrophobic interactions between the alkyl chains of the surfactant and AR 17 molecules predominate over the electrostatic attractions.
The rate of uptake of AR 17 by the SMFE was investigated by following the change in percent adsorption with time at constant shaking rate. As shown in Figure 8 , it is clear that maximum dye uptake occurs at contact time above 60 min, which is the point of equilibrium. Beyond equilibrium point, the percent adsorption curve becomes almost linear. The initial increase in adsorption can probably be attributed to boost in the mass transport driving force developed from a higher ratio of AR 17 molecules to reactive vacant adsorbent sites.
The availability of salt in water leads to high ionic strength which may affect the efficiency of the adsorption process. The effect of concentration of different salts (NaCl (0.01, 0.05 0.1 M), KCl (0.01, 0.1 M) and CaCl 2 (0.01, 0.0 M)) on the adsorption of AR 17 onto SMFE was studied. The current study indicates that the sorption of negatively charged AR 17 on positively charged FE and negatively charged SMFE remained the same, or non-significant change in adsorption was observed upon addition of salts ( Figure 9 ). The effect of ionic strength in aqueous solution may result in the compression of the diffused double layer on the adsorbent. This helps the adsorbate and adsorbent to approach each other, leading to increased adsorption. The second reason for increased adsorption may be the decrease in the solubility of AR 17 in the presence of ionic species, and a hydrophobic effect would favor the hydrophilic and hydrophobic interaction of the adsorbent and the adsorbate (Hu et al. ) .
Adsorption kinetics
The adsorption kinetics, being an essential parameter for designing an adsorption process, indicates the adsorption efficiency of the adsorbent and, thus, mostly determines the potential applications of the adsorbent and the optimum operating conditions for a pilot-scale process. The main theme of the adsorption kinetics is to explore the best model that well signifies the experimental data.
Several kinetic models, employed to elucidate the adsorption mechanism, have been reported. In the present study, kinetics of adsorption was described by the pseudofirst-order model (Lagergren & Svenska ) , pseudosecond-order model (Ho & McKay ) , intraparticle diffusion model (Weber & Morris ) and Elovich model ( Juang & Chen ) .
The linear form of the equations for the pseudo-firstorder model, the pseudo-second-order model and the intraparticle diffusion model (Öztürk & Malkoc ) , together with the Elovich model (Fat'hi et al. ; Shah et al. ) , are given in Table 2 along with the experimental values of the kinetic parameters.
As evident from the data in Table 2 and Figure 10(a) , the large difference between experimental and theoretical values of (q e ) and very high deviation of R 2 value from unity means that the adsorption mechanism does not follow the pseudofirst-order model. However, in the case of the pseudosecond-order model (Table 2, Figure 10(b) ), a very close agreement of q e (exp) with q e (calc) and R 2 value very close to unity suggest that the model is the best fit for interpretation of adsorption data. Figure 10(c) shows that the plot of q t versus t½ is not passing through the origin and is multilinear, indicating that intraparticle diffusion is not the controlling step during sorption of AR 17 onto SMFE. Also the difference in R 2 value of the curve from unity confirms the inapplicability of the intraparticle diffusion model to the absorption data. The Elovich constants as shown in Table 2 and the curve as shown in Figure 10(d) suggest that the low R 2 values of this model make it inapplicable for interpretation of the experimental data. This suggests that in the adsorption process, chemisorption, such as chemical bonds between the dye and SMFE with heterogeneous surface, is not a rate controlling factor.
Equilibrium studies/adsorption isotherms
A number of isotherm models are reported in the literature to find the relationship between the amount of solute adsorbed per gram of adsorbent 'q e ' and the equilibrium concentration (mg L À1 ) 'C e '. The experimental data were treated using four isotherm models, i.e. Langmuir, Freundlich, Temkin and Dubinin-Radushkevich (D-R) models. The linear forms of these equations are given in Table 3 . The values of regression coefficients (R 2 ) obtained from the studied models were used as the fitting criteria for comparing these isotherms.
The Langmuir isotherm theory assumes that adsorption is limited to monolayer coverage and there is no significant Pseudo-first-order kinetic log (q e À q t ) ¼ log q e À k 1 2:303 t k 1 (min À1 ) 0.0297 q e (calc) (mg g À1 ) 12.09 R 2 0.9487
Pseudo-second-order kinetic
0.219 R 2 0.9299 q e (exp) (mg g À1 ) 244.575 q e : amount of AR 17 adsorbed at equilibrium; q t : amount of AR 17 adsorbed at time t; R 2 : regression coefficient; k 1 : pseudo-first-order rate constant; k 2 : pseudo-second-order rate constant;
kint: intraparticle diffusion rate constant; C: intercept, which represents the thickness of the boundary layer; α: Elovich coefficient, which represents the initial adsorption rate; β: Elovich coefficients related to the extent of surface coverage. interaction among adsorbed species (Shukla & Madras ) .
The linear form of the Langmuir adsorption isotherm (Figure 11(a) ) is given by the equation as depicted in Table 3 and is sufficient for evaluating the Langmuir parameters. The value of Langmuir parameter Q W (maximum monolayer adsorption capacity, mg g À1 ) obtained for the adsorption of AR 17 onto SMFE was 10,136.11 mg g À1 at 30 W C, which represents a very high practical limiting adsorption capacity when the surface is fully covered with dye molecules. Although the rest of the parameters support applicability of the Langmuir adsorption isotherm to the data, the R 2 value, far away from unity, indicates that our data do not fit well to the Langmuir adsorption isotherm. The inapplicability of this model to the data suggests that in this case we cannot assume chemisorption or chemical adsorption, which is a strong chemical bond between molecules of adsorbate and the surface of adsorbent. Also it reflects that the adsorption sites on the surface of SMFE are not evenly distributed. As given in Table 2 , K F is the Freundlich constant related to sorption capacity and 1/n, known as heterogeneity factor, is the Freundlich constant related to sorption intensity and its value less than 1 shows stronger sorption, though here it indicates more heterogeneity as the value (0.350) is closer to zero. (Figure 11(b) ) The value of R 2 for the Freundlich model was too low to be considered reasonable, indicating that the Freundlich model does not represent the present equilibrium data. The inapplicability of the Freundlich isotherm indicates that the adsorption is based on surface interaction rather than on partitioning.
The effects of some indirect adsorbate/adsorbate interactions on adsorption isotherms are explained by the Temkin isotherm model. It suggests that the heat of adsorption of all the molecules in the layer would decrease linearly with coverage due to indirect interactions. The experimental equilibrium data of adsorption of AR 17 onto SMFE were assessed according to the Temkin isotherm model equation (Table 3 ). For the analysis of data with the Temkin model, the parameters of the equation have been determined with a plot of q e vs. lnC e (Figure 11(c) ). As shown in Table 3 , the low R 2 value of this model shows its unsuitability for explanation of the experimental data.
In order to interpret whether the sorption mechanism is physisorption or chemisorption, the D-R isotherm model is used. It is generally applied to express the adsorption mechanism with a Gaussian energy distribution onto a heterogeneous surface. It was calculated to be 0.01365 kJ mol À1 at 30 W C.
These results in Table 3 show that AR 17 adsorption on SMFE follows a physisorption phenomenon due to the free adsorption energies lower than 8.0 kJ mol À1 . If the E (kJ mol À1 ) value lies between 8 and 16 kJ mol À1 , the adsorption process is controlled by a chemical mechanism, while for E < 8 kJ mol À1 the adsorption process proceeds through a physical mechanism (Daneshvar et al. ) . A plot of lnq e versus ε 2 should yield a straight line. This plot for the present experimental data is shown in Figure 11 (d). As given in Table 3 , the regression coefficients (R 2 ) obtained from the D-R isotherm model are better than those of the other studied isotherm models. As a result, the D-R isotherm model is an appropriate description of the data for adsorption of AR 17 on SMFE. complex mechanisms may be involved in the present sorption studies. From the experimental data analysis, it can be concluded that the major process involved in adsorption of AR 17 onto SMFE is physisorption, though the possibility of partial chemisorption cannot be negated.
Mechanisms of adsorption of AR 17 onto SMFE
FEs have peculiar properties, e.g. their capacity to swell and the possibility to intercalate chemical species between layers of the clay. These clays comprise 2:1 octahedral sheets attached to a tetrahedral sheet and have characteristic swelling behavior. The oxygen atoms of the tetrahedral sheet of one layer face the oxygen atoms of the adjacent layer with interchangeable cations and water molecules placed between these layers. In FEs the cations are Al 3þ and only two-thirds of the octahedral vacancies are occupied. These clays have the unique characteristic of expanding and contracting by changing the distance between layers, while maintaining the two-dimensional layer structure. The layers expand when water molecules or polar organic molecules enter the interlayer space, increasing the separation between layers. In aqueous medium the inter layer cations tend to diffuse into the medium where their concentration is lower and as a result the repulsion forces between the clay layers arise, which leads to partial dispersion of the clay and formation of microaggregates which are called tactoids.
Physisorption is the major phenomenon in adsorption of AR 17 on SMFE. This can be explained by the following reasons. Although FE has negatively charged surface, the cation exchange capacity of clay is not a dominant factor here, when the surfactant modifies the surface. Physical adsorption of the dye on exchange-saturated sites of the clay may dominate. Physical adsorption of the dye onto the clay may occur due to interaction between the adsorbed molecules and those remaining in the solution. Physical adsorption of the dye onto the clay through a 'cover-up' effect, produced by the dye molecules lying flat on the surface, can also play a major role. Possible migration of the dye molecules or aggregates towards the interlayer surfaces of the clay and adsorption onto the interlamellar spaces in the clay may contribute. The surfactant molecules get heterogeneously adsorbed to the outer surface of the tactoids just after the first contact, forming molecular aggregates on the clay. The disaggregation of the surfactant molecules and their migration and adsorption at the interlamellar surfaces and also the intra-tactoidal and inter-tactoidal migration of surfactant molecules results in adsorption of surfactants and thus the surface-adsorbed dye. Due to protonation of the surfactant molecules and aggregates in the interlamellar spaces as these come in contact with highly acidic sites in this region, the particles get stabilized and the whole surface becomes hydrophobic. The hydrophobic surface then adsorbs the dye molecules efficiently. Dye may dimerize or polymerize resulting in a neutralized bulk which can be easily adsorbed onto the clay.
It is a fact that dye-clay interaction is not solely an ionexchange process, but many other processes may be involved. Beside the progress made in understanding these, explanation about many aspects, like non-uniformity of the clay particles, the migration of dye molecules among clay particles and the heterogeneous distribution of the clay particles that affects the adsorption properties, remains to be worked on for gaining enough knowledge of the clay-dye systems (Neumann et al. ) .
CONCLUSION
The present study shows that waste FE modified with SDS can be used as a potential adsorbent for the removal of AR 17 with a higher adsorption capacity (2164.61 mg g À1 ).
The results showed that adsorption of AR 17 is pH dependent and maximum adsorption was achieved at pH 10 with shaking. The adsorption of AR 17 increases with contact time and equilibrium was established within 60 min with shaking. The equilibrium data well fitted into the D-H isotherm indicating that physisorption is the major sorption phenomenon. It was observed that kinetic data of AR 17 using FE followed the pseudo-second-order kinetic model. The plot of the intraparticle diffusion model did not pass through the origin, which indicates that the adsorption process is affected by more than one parameter. FE is readily available in different parts of the world and can be effectively used for the removal of metal ions, pesticides and dyes.
